Protein-protein interactions mediated by ubiquitin-like (Ubl) modifications occur as mono-Ubl or poly-Ubl chains. Proteins that regulate poly-SUMO (small ubiquitin-like modifier) chain conjugates play important roles in cellular response to DNA damage, such as those caused by cancer radiation therapy. Additionally, high atomic number metals, such as gold, preferentially absorb much more X-ray energy than soft tissues, and thus augment the effect of ionizing radiation when delivered to cells. In this study, we demonstrate that conjugation of a weak SUMO-2∕3 ligand to gold nanoparticles facilitated selective multivalent interactions with poly-SUMO-2∕3 chains leading to efficient inhibition of poly-SUMOchain-mediated protein-protein interactions. The ligand-gold particle conjugate significantly sensitized cancer cells to radiation but was not toxic to normal cells. This study demonstrates a viable approach for selective targeting of poly-Ubl chains through multivalent interactions created by nanoparticles that can be chosen based on their properties, such as abilities to augment radiation effects.
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polyubiquitin chain | radiation sensitization | SUMO-binding motif (SBM) | SUMO-interacting motif (SIM) P rotein-protein interactions mediated by mono-Ubl (ubiquitinlike proteins) or poly-Ubl modifications are among the most important signaling and regulatory mechanisms that control nearly every aspect of cellular functions (1) . It has been well established that the small ubiquitin-like modifiers (SUMO), SUMO-1, SUMO-2, and SUMO-3, play essential roles in cellular response to DNA damage (2) . SUMO-2 and -3 are nearly identical, but share less than 50% sequence homology to SUMO-1 (3, 4) . SUMO-2 and 3 are distinct from SUMO-1 in that they carry internal SUMO modification sites at their N-termini to form poly-SUMO chains (5) .
In most cases, a Ubl serves as a platform for interactions with other proteins. For instance, ubiquitylation dependent processes are mediated by ubiquitin-binding motifs in receptor proteins, such as the proteosome (6) . SUMO-dependent functions are mediated by a SUMO-interaction motif (SIM; also known as a SUMO-binding motif, SBM) (7, 8) that serves as receptor of SUMO modified proteins. Recent studies have shown that a SUMO-targeted ubiquitin ligase (STUBL) is important in DNA damage response, and the ligase specifically recognizes poly-SUMO-2∕3 chains to ubiquitinate poly-SUMO modified proteins for degradation (9) (10) (11) (12) (13) (14) . These studies suggest that inhibiting poly-SUMO-2∕3 interactions with down-stream effectors, such as STUBL, can inhibit DNA damage response. However, an effective approach to disrupting poly-Ubl chain-mediated cellular functions is lacking. In addition to proteosome inhibitors, a small molecule was identified that binds to and alters the conformation of polyubiquitin chains such that their interactions with the proteosome are inhibited (15) . However, the negative charge of this small molecule prevents its translocation into cells.
Both ionizing radiation and most chemotherapeutic drugs kill cancer cells by inducing genotoxic stress. Thus, agents that can amplify radiation effects or inhibit DNA damage response will sensitize cancers to radiation therapy. High atomic number materials, such as gold, are known to be much more absorbent to ionizing radiation than soft tissues. Recent studies have shown that gold nanoparticles (AuNPs) do not cause cellular toxicity, but significantly enhance radiation effect (16, 17) . AuNPs can translocate into cells and are not toxic to cells because of the inert property of gold (17) . In this study, we explored the application of AuNPs as a platform to develop reagents that specifically target poly-SUMO chains and amplify radiation response. We show that a low affinity inhibitor for mono-SUMO can effectively inhibit poly-SUMO-mediated protein-protein interaction when the ligand is conjugated to AuNP. The selectivity for poly-SUMO chains is likely due to the AuNP providing a platform for multivalent interactions that result in much higher overall affinity between the AuNP-ligand conjugate and poly-SUMO chains. This study suggests an approach to modulating poly-Ubl-mediated protein-protein interactions in addition to amplifying the effects of ionizing radiation.
Results and Discussion
Identification of Peptide Analogues that Mimic the SIM To identify a small molecular ligand of SUMO, virtual ligand screening was carried out based on the SIM in order to inhibit SUMO-mediated down-stream effects. The structure of SUMO-3 in complex with a SIM peptide was constructed by transferring the SIM sequence from the protein PIASx that is in the structure of its complex with SUMO-1 to the analogous site in the structure of SUMO-3 (8) . The SIM sequence (KVDVIDLTIE) from PIASx binds all SUMO isoforms with dissociation constants between 4-8 μM (7). The analogous interactions of the SIM with different SUMO paralogues were confirmed by an independent NMR study (18) . The SIM peptide forms a β-strand that extends the existing β-sheet in SUMO. Our previous studies have shown that the core consensus sequence of the SIM consists of 5 amino acid residues that bind to a shallow groove of SUMO (8) . Hydrophobic interactions between the SIM and I33 and F31 of SUMO-3 appear to be critical. In addition, the SIM peptide forms backbone hydrogen bonds with SUMO-3, which extends the β-sheet of SUMO.
Constrained docking was employed to find potential SIM mimetics. The initial virtual screening was performed by considering the shape and hydrophobic interactions of the SIM-binding groove of SUMO-3. However, this approach did not yield any hits. A second screening was carried out that included backbone hydrogen bonding constraints with K32 and K34 of SUMO-3, because hydrogen bonds provide high specificity in proteinprotein and protein-ligand interactions. Known examples of the significance of hydrogen bonds include those that stabilize the double-strands of DNA and secondary structures of proteins. In addition to the two hydrogen bonds, a hydrophobic region was defined that included the contact areas of side chains of I33 and F31. The GLIDE program was used to search the 250,000 compound library provided by the Developmental Cancer Therapeutics program of the National Cancer Institute. The docked structures were chosen using the E-model scoring function of Cvdw, which is the sum of the van der Waals (E vdw ) and electrostatic interaction energy terms (E elec ). A group of peptide analogues was identified among the top hits (Fig. 1A) , and their GLIDE scores are shown in Table S1 . The characteristics of this group of peptide analogues are consistent with our previous knowledge of SUMO-SIM interactions. It was shown previously that β-branched amino acid side chains, such as Val and Ile, as well as aromatic residues, have an intrinsic preference for the β-strand conformation (19) . As seen in Fig. 1 , the side chains of the identified analogues favor the β-strand conformation. They contain the proper backbone for hydrogen bond formation with SUMO that mimics the SIM. Furthermore, the hydrophobic side chains and the phenyl group can form hydrophobic interactions with the groove on SUMO.
Interactions of the identified analogues with SUMO-1 and SUMO-3 were verified by NMR chemical shift perturbation analysis. These compounds generated negligible chemical shift perturbations (CSP) on SUMO-1, but much larger and specific CSP on SUMO-3 ( Fig. 1B and Fig. S1 ). Compound 333751 was chosen for further development, because its binding affinity was among the strongest, as estimated by CSP, although all compounds have similarly weak affinities (Figs. 1B and 2B and Fig. S1 ). Based upon resonance assignments of SUMO-2 and -3, the compounds were determined as binding into the same groove as the SIM peptide (Fig. 1C) . CSP was used to estimate the binding affinity of 333751 to SUMO-3, as described previously (20) (Fig. 1D) . Thus, the affinity of this compound to SUMO-2 is more than 200-fold lower than that between the PIASx SIM and SUMO-2.
Synthesis of the AuNP-Ligand Conjugate. Multivalency low affinity binding can achieve an overall high affinity. Therefore, we tested whether such specific but low affinity compounds can form high affinity interactions with poly-SUMO chains by creating multivalent interactions. We chose AuNPs as a platform for multivalent interactions, because they are commercially available and inert. Compound 333751 was modified for conjugation to an AuNP by adding a thiol tail. Initial attempts to synthesize thiol derivative 1 ( Fig. 2A) proved problematic. Cleavage from the resin also resulted in cleavage of the aminobenzyl carbamate moiety, generating only trace amounts of derivative 1. Because of this instability, the aminobenzyl carbamate was replaced by a more hydrolysis resistant isostere, 4-aminocinnamic acid as contained in 2. The E-double bond geometry should mimic the S-trans configuration of the carbamate in 1. Derivative 2 was constructed on 2-chlorochlorotrityl resin using standard Fmoc-synthesis conditions. NFmoc-cinnamic acid (21) and 3-(t-butoxycarbonylthio)propanioc acid (22) were then coupled to install the requisite thiol tail. Finally, resin cleavage and thiol deprotection led to thiol derivative 2 in good yield. A control, 3, that contains the same backbone but lacks side chains was also designed and synthesized using a similar strategy ( Fig. 2A) . Binding of derivative 2 to SUMO-1 and SUMO-3 was examined and compared to that of 333751. Fig. 2B shows a side-by-side comparison of the HSQC spectra of SUMO-3 binding to 333751 and the derivative 2 at a SUMO∶ligand ratio of 1∶3. Both compounds induced CSP on the same surface of SUMO-3 and to a very similar extent, indicating that their modes of interaction with SUMO-3 are nearly identical.
Derivatives 2 and 3 conjugated to AuNPs were constructed from C 4 -alkanethiol AuNPs ( Fig. 2C) (23) . Derivative 2 or 3 was equilibrated with C4-AuNP in dichloromethane for 4 d, according to published procedures (24) . The precipitated ligand-AuNP conjugate 4 or 5 was collected via filtration. NMR analysis (Fig. S2 ) indicated that derivitation was complete and all butanethiol groups on the AuNP were displaced. The number of ligands on each AuNP were determined using a similar procedure as previously described (25) . Briefly, the size of the AuNPs was confirmed by transmission electron microscopy ( Fig. S2) to be 2.0-2.5 nm. The molecular weight and molar amount of AuNPs were calculated by assuming ideal spherical particles. The number of ligands per AuNP was determined using ferrocene as an internal standard for calibration of ligand NMR signal intensity (Fig. S2) as described by Hostetler et al. (25) . We estimated that each conjugated nanoparticle contains approximately 100 ligands. The sharp NMR resonances also indicated that the conjugated ligands maintained significant conformational flexibility (Fig. S2) .
Inhibition of Poly-SUMO Chain-Mediated Protein-Protein Interactions
While the individual compounds shown in Fig. 1 do not have sufficient affinity for SUMO-2 or -3 to compete effectively with most SIM sequences (having K d values ranging from 10 to 100 μM), the AuNP conjugate allows for multivalent interactions between the gold nanoparticle with multiple SUMO molecules in a poly-SUMO chain. To investigate the efficacy of AuNP 4 at inhibiting poly-SUMO-chain-mediated protein-protein interactions, a poly-SUMO binding peptide was designed as follows. The PIASx SIM was selected because this sequence has approximately 10-fold higher affinity for all SUMO isoforms than other characterized SIM sequences (7) . This SIM sequence was used to replace two major SIM sequences in the protein rfp1, which is a ubiquitin ligase that specifically recognizes poly-SUMO modified proteins and ubiquitylates these proteins (11, 14) . In this manner, a strong poly-SUMO-chain binding peptide was designed (Fig. 3A) . In addition, a control was designed that contained two copies of the scrambled (SC) sequence of the SIM separated by the same linker (Fig. 3A) . The GST-fusion SIM proteins were expressed and purified to greater than 90% homogeneity (Fig. S3A) .
The SIM and control peptides were used in pull-down assays to investigate the effects of the conjugation of inhibitor to AuNPs. Poly-SUMO-3 chains were synthesized by enzymatic reactions of GST-tagged SUMO-3 with His-tagged SUMO-3 followed by affinity purification with glutathione beads and then Ni-NTA beads (Fig. S3B) . The amount of SUMO pulled down by the SIM peptide was detected by enzyme-linked immunosorbent assay (ELI-SA) in an EIA microtiter plate. Ligand-conjugated AuNP 4 did not efficiently inhibit binding between monomers of SUMO-3 or SUMO-1 and the tandem-SIM-containing peptide (Fig. 3B  and 3C ). This was not surprising since the ligand has much lower affinity (K d in the mM range, as described above) than the PIASX SIM sequence used for pull-down. On the other hand, the same concentration of AuNP 4 was highly effective at inhibiting the interaction between a poly-SUMO-3 chain and the tandem-SIM peptide (Fig. 3D) , and had an IC 50 less than 1 μM. It is difficult to accurately estimate the binding affinity between AuNP 4 and poly-SUMO chains. Similar to naturally occurring poly-SUMO or polyubiquitin chains, the in vitro synthesized poly-SUMO chains were a mixture of different lengths. As such, the binding affinity likely varied with the length of SUMO chains. Based on the concentrations of SUMO chains and the experimental design, we estimated that the IC 50 value is larger than the average K d value of the complex between AuNP and SUMO chains. AuNP that was not conjugated with derivative 2 did not exhibit the inhibitory effect (Fig. 3D) . In addition, when not conjugated to the AuNP, derivative 2 was not significantly inhibitory to interactions between single SUMO-1 or SUMO-3 and the SIM peptide, nor did it inhibit poly-SUMO chain and SIM interactions (Fig. 3E) .
To further investigate the specificity of AuNP 4 for poly-SUMO-2∕3 chains, both AuNP 4 and 5 were conjugated with a small portion of biotin, using thiol-biotin (described in Methods). NMR data demonstrated the successful conjugation of ligands 2 and 3 to AuNP, and the presence of a small portion of biotin conjugated to AuNP was detected by FITC-conjugated streptavidin. Biotin-conjugated AuNP 4 and 5 were used to pull down SUMOylated proteins from HeLa cell extracts with streptavidin agarose beads, followed by immunoblotting with an anti-SUMO-1 or anti-SUMO-2∕3 antibody. Biotin-conjugated AuNP 4, but not biotin-conjugated AuNP 5, pulled down poly-SUMO-2∕3 conjugates (Fig. 3F) . AuNP 4 and 5 do not appear to pull down significantly different amounts of SUMO1 conjugates. The faint signal seen with anti-SUMO1 antibodies in both the AuNP4 and AuNP5 pull-down lanes may be nonspecific. This result further demonstrates the specificity of AuNP 4 for poly-SUMO-2∕3-modified proteins.
Effect on Inhibition of Poly-SUMO Chain-Mediated Protein-Protein
Interactions in Cells Localization of AuNP 4 and 5 was detected by FITC-conjugated streptavidin (Fig. 4) . Fluorescence microscopy indicated that both AuNP 5 and AuNP 4 localized to both the cytoplasm and nucleus. However, AuNP 4 consistently formed brighter foci in the nuclei (Fig. 4) . The foci do not completely colocalize with the PML nuclear bodies that are known to contain poly-SUMO2 and 3 conjugates. The nature of the foci that are not colocalized with the PML nuclear bodies requires further investigation. These observations demonstrate that both AuNP conjugates can permeate cells and localize to the nucleus.
To investigate whether AuNP 4 inhibits SUMO-mediated protein-protein interactions in cells, we evaluated whether it inhibited arsenic-induced degradation of PML protein. In acute promyelocytic leukemia, PML forms a fusion protein with the retinoic acid receptor alpha (RAR). Arsenic trioxide (As 2 O 3 ) can effectively treat this disease by inducing poly-SUMO-chaindependent ubiquitylation and proteasomal degradation of the PML-RAR fusion protein (2, 26, 27, 30) . The tandem repeats of SIM in RNF4, as discussed above, are responsible for recognition of the poly-SUMOylated PML to target it for ubiquitylation and degradation by the proteasome. Thus, this is a well-established mechanism that specifically depends on poly-SUMOylationmediated protein-protein interactions. Arsenic induced an initial increase in PML body formation on both cells treated with AuNP 4 or the control C4-AuNP, as observed previously (2). The number of PML nuclear bodies in control (C4-AuNP)-treated cells decreased significantly over time, but not in the AuNP 4-treated cells. The difference was most pronounced after 24 h of treatment (Fig. S4) . To further validate this finding, Western blot analysis was conducted, including both C4-AuNP and AuNP 5 as controls. Because AuNP 5 was a much more expensive control, most experiments were conducted using C4-AuNP as a control, which required that both controls be compared to validate C4-AuNP as a control. Treatment of all AuNP-treated cells with As 2 O 3 led to a significant increase in PML SUMOylation (higher molecular weight bands in Fig. 5A ) after 1 h, indicating that AuNP, by itself, does not exert a nonspecific effect. In contrast, after 24 h arsenic treatment, AuNP 4-treated cells had significant higher levels of modified PML than AuNP 5-and C4-AuNP-treated cells (Fig. 5A ). This suggests that AuNP 4 specifically inhibits SUMOylation-dependent PML degradation by inhibiting poly-SUMOmediated protein-protein interactions between PML and RNF4 in cells. To further demonstrate that AuNP 4 inhibits the interaction of SUMOylated PML with RNF4, coimmunoprecipitation (IP) experiments were conducted using HeLa cells that stably expressed SUMO-2. After overnight treatment with C4-AuNP, or AuNP 4 or 5, cells were exposed to As 2 O 3 for 1 h, followed by co-IP. RNF4 pulled down much less SUMOylated PML in AuNP 4-treated cells than in C4-AuNP-and AuNP 5-treated cells (Fig. 5B) . Again, both controls produced similar results. These findings further demonstrate the specificity of AuNP 4 at inhibiting poly-SUMO2∕3-mediated protein-protein interactions by targeting the SIM-binding surface of SUMO-2∕3. The ligand specifically targets the SIM-binding site of SUMO instead of other hydrophobic patches that are involved in binding the E1 and E2 enzymes, as demonstrated by NMR chemical shift perturbation (Figs. 1 and 2B ). The potency of AuNP 4 is likely due to binding of multiple SUMO proteins in a chain. Poly-Ubl chains are usually long and contain more Ubl modules than necessary for binding receptor proteins. Although rfp1 (Schizosaccharomyces pombe homologue of RNF4) contains two SIM sites and presumably binds two SUMOs in a chain (2, 14) , poly-SUMO chains formed in vitro and in vivo are generally much longer (26) . Similarly, binding of the proteosome requires a chain of 4 ubiquitins (28) , but polyubiquitin chains formed in vitro and in vivo are generally much longer (29) . The Ubl chains are usually flexible, and the extensive conformational flexibility of the conjugated ligands and poly-SUMO chains would allow the binding of multiple SUMO modules in a chain with AuNP 4.
Effect on Cell Proliferation and Radiation Sensitization of AuNP 4
The effect of AuNP 4 on cytotoxicity and radiation response was tested (Fig. 6) . The control C4-AuNP did not have significant toxicity to either the breast cancer cell line MCF-7 or the normal mammary epithelial cell line MCF-10A, consistent with previous findings that gold nanoparticles have low cytotoxicity to cells (17) . The minimal reduction in cell viability of C4-AuNP-treated cells after radiation treatment was due to the short time after radiation at which cells were observed; 48 h post radiation, an approximately 20% reduction in cell viability was observed on average. AuNP 4 reproducibly stimulated the growth of MCF-10 cells slightly (Fig. S5A) , but inhibited the growth of MCF-7 cells (Fig. S5B ). In addition, it sensitized MCF-7 cells to radiation much more than it sensitized MCF-10 cells (Fig. S5) . To further confirm the radiation sensitization effect, clonogenic assays were conducted to evaluate long-term cell survival (Fig. 6 ). AuNP 4 inhibited growth of the cancer cells (MCF-7) and enhanced their sensitivity to radiation. These findings are consistent with previous reports that RNF4 and its homologues are important in DNA repair and genome stability (11, 31) . The effects of AuNP 4 on proliferation of MCF-7 and MCF-10A cells also suggest that SUMOylation plays a more important role in the growth of the cancer cells than normal cells, which is consistent with previous findings of the key role of SUMOylation in tumorigenesis (32, 33) . AuNP 4 also sensitized MCF-7 cells to genotoxic stress generated by chemotherapeutic drug doxorubicin (Fig. S6) , and sensitized the prostate cancer cell line Pc-3 to radiation and doxorubicin treatment (Figs. S6 and S7) .
To further confirm the inhibitory effect of the SIM peptide on DNA repair, we used the comet assay to measure the amount of DNA damage in cells treated with AuNP 4 or the control C4-AuNP overnight, followed by 4 Gy γ-radiation and recovery for 30 or 120 min. In the comet assay, damaged DNA fragments migrate out of the cell nucleus as a streak similar to the tail of a comet, and the quantified tail moments are directly proportional to the amount of DNA damage. Immediately after irradiation, all cells produced comet tails of similar lengths and intensities ( Fig. 7) . However, after 120 min, the tail moments were significantly larger in cells treated with AuNP 4 than those treated with C4-AuNP or in untreated cells. These data were consistent with the radiation sensitivity data described above, indicating that repair of the damaged DNA was delayed by AuNP 4.
Conclusions
This study demonstrates a strategy to selectively inhibit proteinprotein interactions mediated by posttranslational modifications with poly-Ubl, although the data does not exclude the possibility that AuNP 4 bind other molecules in addition to polySUMOylated proteins. With the rapid development of nanotechnology, a wide variety of nanoparticles has become available. As shown here, combining the properties of nano materials with nanoparticles as platforms for multivalent interactions creates a significant potential for future research and therapeutic applications.
Methods (A detailed version is provided as Supporting Information)
Virtual Ligand Screening and NMR Studies Docking was performed with GLIDE 3.5 (34, 35) . A grid box of default size (18 × 18 × 18 Å 3 ) was centered on three core amino acids in the SIM peptide (D3, V4, and I5) (7, 8) . All NMR samples contained 10 mM phosphate buffer (pH 7.0) in 90% H 2 O∕10%D 2 O.
Synthesis of Derivatives 2 and 3 and AuNP 4 and 5 Derivative 2 was constructed on 2-chlorotrityl resin loaded with Fmoc-Leu-OH at 0.8 mmol∕g. Fmoc-Ile-OH, Fmoc-cinnaminic acid (21) and 3-(t-butoxycarbonylthio)propanioc acid (22) were sequentially coupled on using standard Fmoc synthesis conditions using HCTU (3 eq) and diisopropylethylamine (8 eq). The negative control, 3, was constructed in a similar manner as 2 with 2-chlorotrityl resin loaded with Fmoc-Gly-OH, Fmoc -7-aminoheptanoic acid and 3-(t-butoxycarbonylthio) propanioc acid. The AuNP-ligand conjugate was synthesized according to a procedure described previously (36) . To conjugate a small amount of biotin onto AuNP 4 or 5, C4-AuNP (6 mg) was combined with derivative 2 (10 mg) or 3 (8 mg) and thiol-biotin (2 mg; Nanoscience Instruments, CMT015).
Poly-SUMO Chain Formation and Expression of GST-WT-SIM and GST-SC-SIM
Poly-SUMO chains were synthesized by an in vitro SUMOylation reaction and purified by glutathione affinity chromatography followed by NTA chromatography. GST-tagged wild-type (GST-WT-SIM) or scrambled SIM sequence (GST-SC-SIM) was subcloned into the pGex4T-S expression vector (Amersham), overexpressed as an N-terminal GST-fusion protein in Escherichia coli strain BL21 (DE3) (Invitrogen), and purified using affinity chromatography.
Biotin-AuNP Pull-down and Subcellular Location HeLa cell extracts were precleared with streptavidin agarose beads before incubation with biotinylated AuNPs, which were pulled down by streptavidin agarose beads. To examine AuNP location, HeLa cells were treated with Biotin-AuNP 4 and -AuNP 5, and the detected with streptavidin-FITC using a fluorescence microscope (AX10, Zeiss).
Comet Assay MCF-7 cells were then treated with either 0.2% DMSO, 2 μM C4-AuNP, or 2 μM AuNP 4 for 24 h before irradiation. Cells received either no irradiation or 4 Gy irradiation followed by recovery at 37°C for 30 min or 2 h. Cells were collected and prepared using the OxiSelect™ Comet Assay Kit (Cell Biolabs, Inc.). Comets were imaged by fluorescence microscopy (Olympus Inverted IX81). The tail moment (Tail DNA% × Length of Tail) was quantified for each cell using Comet Assay IV (Perceptive Instruments).
